Abstract-This paper proposes an optimization algorithm to regulate energy consumption and powertrain control of a hybrid electric vehicle (HEV). The algorithm is applied on a prototype vehicle manufactured by adding an electric motor to an allterrain vehicle (ATV). The control system is designed using an embedded micro-controller unit (MCU). The main targets in this study are to improve the electric energy consumption efficiency and to reduce the ICE usage to minimum. The MCU controls the automatic switching between the electric motor and the internal combustion engine of the ATV. Furthermore, the system gives guidance for driver to use the limited resource efficiently at critical energy level. It restricts the driver performance using pulse width modulation (PWM). PWM duty cycle is adjusted to get optimum performance in term of maximizing the travel distance. Various driving scenarios are analyzed in this study. Factors such travel speed, energy level, stop-and-go frequency have been taken into consideration. The experiments showed significant improvement.
I. INTRODUCTION
The term "Hybrid vehicle" refers to vehicles equipped with at least two different distinct types of power sources. The specific case of hybrid electric vehicles (HEVs) that are discussed in this paper, use internal combustion engine (ICE) and electric motor (EM).
By virtue of their concept, HEVs are supposed to provide significant benefits compared with conventional vehicles. The main benefit is having adequate performance comparing to conventional automobiles, while greatly improving fuel efficiency and decreasing greenhouse gases and other pollutant emissions [1, 2] .
There are three main types of hybrid vehicles according to drive train structure: Parallel hybrid, through the road (TTR) hybrid and series hybrid [3] . There are several systems involved in a HEV control [4] . All HEV should have a unit which is called "vehicle management unit (VMU)". VMU provides effective management of all of the other system components. It collects and processes data from battery management System (BMS), motor management system (MMS), speed/transmission management system and engine management system (EMS). The early studies on optimizing HEVs focused on proper selection of the powertrain components, such as ICE, EM, battery and transmission components and mechanisms [5] . The more recent studies are more involved in improving the control strategies. Researchers try to regulate energy flow through the powertrain components to accomplish driver demands [5] .
The main function of the VMU is to decide the best control strategy. VMU must regulate acceleration, deceleration, and braking demands. Furthermore, the VMU must implement the best strategy to govern the switching between EM and ICE depending on the inputs and data requirements of the system. The improvement in fuel economy depends strongly on the vehicle and the driving cycle [4] . Many energy management strategies, based on the optimal control theory, manage in minimizing the fuel consumption, but most of them still cannot be directly implemented in real-time [6] . The main reason is because of the requirement for a prior knowledge of the entire driving cycle [6] .
Furthermore, VMU should govern the BMS function to increase the battery's life, and to prevent the cells of the battery from serious damages [7, 8] . Basically, the VMU should estimate the battery state of charge (SOC), state of health (SOH) and state of function (SOF) from a variety of parameters.
The objective of this paper is to analyze and validate the benefits of the prototype vehicle as HEV. Moreover, an optimization algorithm is proposed to regulate energy consumption and powertrain control. The study focuses on the case of critical energy level. The pollutant emissions are not taken into account in this paper.
The rest of the paper is organized as follows. Section II summarizes the prototype vehicle specification. Section III and Section IV discuss ICE-EM switching control and the energy efficiency testing results. The proposed algorithm in the critical energy level is discussed in Section V and the paper is concluded in Section VI.
II. THE PROTOTYPE VEHICLE SPECIFICATION
The studied prototype HEV is manufactured by adding an EM to an all-terrain vehicle (ATV). Figure 1 shows the ATV modification steps. The vehicle can be classified as parallel plug-in hybrid-electric vehicle [4] . Table I contains the basic specification of the HEV used in this study. Figure 2 shows the battery charging curve and the EM test curve as provided by the supplier. III. ICE-EM SWITCHING CONTROL Figure 3 shows the operation flow of the ICE-EM switching control. The VMU for this vehicle is an Arduino Uno MCU. The MCU receives data from two sensors, namely, the battery SOC sensor and the speed sensor. Switching is done using a relay which switches on/off the electrical throttle in case of EM. Similarly, another relay starts/stops the ICE using the ATV electric starter.
The ATV used in this study is not equipped originally with a speedometer. Therefore, a speedometer is implemented using a magneto-resistive PNP Hall Effect sensor coupled with a neodymium magnet. The sensor is used to detect the number of rotations of the vehicle wheel in a fixed time interval. The magnet is attached to the tire. The sensor detects the magnetic field from the magnet each time it passes the sensor as the wheel is spinning. This in turn will give a voltage pulses to the sensor. The periodic pulses are processed in the MCU and converted into kilometers per hour (km/h). Then, the value is displayed onto a 16x2 display module located in front of the driver. Figure 4 shows the magneto-resistive sensor with neodymium magnet and the display module. Figure 5 shows the schematic for connecting the Hall Effect sensor to the MCU and the display module.
a. The original all-terrain vehicle.
b. The modified structure design and the implementation of the design by adding the electric engine.
c. The final prototype HEV testing and battery installation. Simple four-level battery SOC indicator is used to measure the lithium ion battery level. The sensor is connected to the MCU and to the display module to show the battery SOC level as percentage. Figure 6 shows the battery SOC sensor and its schematic. Figure 7 shows the flowchart of ICE-EM switching control. Speed and battery SOC are used by the ICE-EM switching circuit based on two experimentally designed thresholds. First threshold is the speed threshold ST which is 40km/h. This speed is the maximum speed for running the HEV safely in term of current. Going above this speed may cause battery fuse burning and/or battery damage. Second threshold is the battery threshold BT which is 25% of full battery level. Under this level using the EM may cause battery damage. The main target of the used strategy is to improve fuel economy. Therefore, in the proposed algorithm, the ICE is switched on in two cases only. The first case is when the speed is above ST. Going above this speed may cause battery fuse burning and/or battery damage as mentioned before. The other case is when the battery is almost empty. In this case there is no choice on using the EM. There is one special case, when the fuel tank is empty and the battery SOC is less than 25%. This case is marked as the "Critical case" because it is the case of limited resources. A special algorithm is designed for this case. The proposed algorithm is discussed in Section V.
A. Switching Algorithm
To validate the benefits of converting the vehicle to an HEV, energy efficiency tests are applied in various driving scenarios as explained in the following section. Table II shows the fuel consumption test values before installing the EM. The average fuel consumption is about 0.27 liter/km which is usually expressed as 27 liter/100 km.
IV. ENERGY EFFICIENCY TESTING RESULTS

A. Fuel Consumption
B. Electric Consumption
The power value to charge the battery is 334 watts according to charger specification. The time needed to charge battery full is around 8 hours. The travel distance until the battery level is almost zero is evaluated and estimated by the average of 25 km. Therefore, the electric usage = power used in Kilowatts X time in hours = 0.334 kW X 8 hours = 2.67 kWh Electric consumption = electric usage/ travel distance = 2.67 kWh / 25 km ≈ 0.1 kWh/km ≈ 10 kWh/100 km Table III shows the electric power consumption test values for different speeds. The test of each fixed speed was applied after battery is fully charged. Results are recorded as soon as the battery level is dropped by one level i.e. 25%. 
C. Analyzing the Cost Benefits of the HEV 1
Energy cost for EM system is calculated by referring to the national electric power supply company "Tenaga Nasional Berhad (TNB)" tariff. According to the company website, the domestic tariff is starting from 21.80 Sen/kWh for the first 200 kWh (1 -200 kWh) per month. The rate increases gradually and reaches 57.10 Sen/kWh for the highest consumption rate (901 kWh onwards) per month. Therefore, the electric cost = electrical energy used X energy rate = 10 kWh X 0.218 = 2.18 RM /100 km at minimum and 10 kWh X 0.578 = 5.78 RM/100 km at maximum. Energy cost for the ICE system is calculated by referring to the RON95 petrol price. Oil prices are at its minimum globally at the time of writing the paper as shown in Figure 8 . It is around RM1.95. Therefore, fuel cost = fuel price X amount of petrol used = RM 1.95 x 27 liter/100km = 52.6 RM /100 km.
Even though oil prices are at its minimum, it is clear from the above calculation that using hybrid vehicle in electric mode is more efficient in term of expenses and in term of reducing fuel consumption and consequently the pollutant emissions. However, the fuel mode is still needed in the cases of higher speeds. Moreover, fuel is more efficient considering battery charging time.
V. CRITICAL CASE METHOD
The case when fuel tank is empty and battery level is lower than BT is considered as a critical case as shown in Figure 7 . The case is critical because the system is severely encountering limited resources. In this case, the main target of the vehicle driver is to be able to reach safely to the closest power source. In this study, an intelligent battery management method is applied using pulse width modulation (PWM).
PWM is used in a variety of applications including sophisticated control circuitry. It is commonly used to control the speed of DC motors, dimming of a LED or to control the direction of a servo motor. PWM is used by adjusting the duty cycle (D) to control the EM speed. Duty cycle is measured in percentage. It specifically describes the percentage of time a digital signal is on (Ton) over an interval or period of time T total = T on + T off as shown in Figure 9 . Figure 10 shows the plotting of data in Table III . It shows the relation between travel speed and maximum distance covered using the same amount of power. From the values, it is clear that the optimum speed for maximizing travel distance is 15 km/h. Therefore, the target of this method is adjusting the maximum speed to be around 15 km/h at the critical case. The purpose of speed fixing is to grantee a maximum travel distance to increase the possibility of reaching energy sources safely. From the values in Table IV , which shows the relation between throttle voltage Vin and vehicle speed, the voltage value of 2.33 V makes the vehicle moves at the speed of 15 km/h. As soon as the battery SOC is at level 25% or less, the system shows a warning message on the display module to give guidance for driver to use the limited resource efficiently. The MCU used in this study, i.e. Arduino Uno, is only supporting the analogue output as PWM signals. Therefore, the PWM is used by adjusting the duty cycle to give maximum travel distance. Duty cycle is calculated using the equation in Figure 9 . The speed of the DC motor is proportional to the electromotive force (EMF) in its coil. It is controlled by increasing the input voltage Vin applied to the EM. In Electric vehicles V in is controlled by the vehicle driver through the throttle. The throttle is connected to a sine wave controller as shown in Figure 11 . The sine wave controller used in this study doesn't accept PWM as input signal. It only accepts DC voltage in the range of 0 -5 V.
A. The Proposed Method
It is known that in Arduino Uno, PWM signals are rectangular waves, varying from zero to +5 V. If the duty cycle of the signal is 50% then the rectangular waves are "high" for 50% of the time. As a result, the average of the voltage delivered will be 2.5 V. Like this PWM is used to control the speed of an EM by varying the duty cycle. Since the sine wave controller used in this study doesn't accept PWM, flat analog DC signal is needed rather than a digital stream of square waves. The voltage value of 2.33 V makes the vehicle moves at the speed of 15 km/h as discussed above. Therefore, the duty cycle is calculated using Eq. 1.
One method to flatten the PWM is to use RC (resistor/capacitor) filter. A relay is used to control the input signal for the sine wave controller. The relay in its normally closed state is connecting the throttle directly to the sine wave controller. However, at the critical energy case, MCU trig the relay to switch the feeding source to PWM signal as shown in Figure 12 . The driver still can control the vehicle using the throttle. If throttle signal/voltage is 0 V the MCU gives 0 V as input signal to the RC filter and consequently to the sine wave controller. If the driver twisted the throttle, the MCU will receive a voltage Vin > 0 V. MCU will generate a PWM signal with D = 47%. This signal will be converted to 2.33 V DC voltages through the RC filter. This Voltages are directed to the sine wave controller to move the vehicle in the optimum speed. The only problem in this method is when the driver stop-andgo frequently which will affect the maximum distance as shown before in Table III . 
B. Experiment and results
A validation experiment was applied to check the improvement after applying the critical case method. Two participants were asked to drive the vehicle while the battery SOC is at level 25% until the battery is completely empty. Each participant drove the vehicle for two rounds. One round is conducted while the PWM critical case method is activated and the other is conducted while the PWM critical case method is deactivated. No details about the system was provided to the participants. Table V shows the experiment results. It is clear from the table that activating the proposed method has a significant improvement on the travel distance. A prototype HEV was presented, tested, and analyzed in this study. The test results show that using HEV in electric mode is more efficient in term of expenses and in term of reducing fuel consumption and consequently the pollutant emissions. Moreover, an optimization algorithm to regulate energy consumption and powertrain control of HEV was discussed. The experiment showed significant improvement and optimization.
The system in this study is only tested on flat straight roads with few curves. A comprehensive study aligned with different geometric design of road is needed to define more robust methods according to more accurate parameters.
More robust control techniques can be applied for more optimization. Options include neural networks and fuzzy logic related algorithms. Furthermore, regenerative brake control can be added to improve the braking and energy performance. One suggestion is to combine an anti-lock braking system (ABS) and regenerative brake control to improve the braking performance [10] . Furthermore, auxiliary operating modes can be tested like: motor only, engine only, power assist, recharge, and regenerative [11] .
